Abstract. Inorganic nanoparticles are widely used for therapeutic and diagnostic purposes as they offer unique features as compared with their organic and polymeric counterparts. As such, inorganic nanoparticles represent an exciting opportunity to develop drug delivery and imaging systems that are poised to tackle unique challenges which are currently unaddressed in clinical settings. Despite these clear advantages, very few inorganic nanoparticle systems have entered the clinic. Here, we review the current clinical landscape of inorganic nanoparticle systems and their opportunities and challenges, with particular emphasis on gold-, iron-oxide-and silica-based nanoparticle systems. Key examples of inorganic nanoparticles that are currently being investigated in the clinic (e.g., trials which are recruiting or currently active but not completed) are highlighted, along with the preclinical work that these examples have leveraged to transition from the lab to the clinic.
INTRODUCTION
Inorganic nanoparticles, including gold, iron oxide, silver, or silica, among others, are investigated in both preclinical and clinical studies for the treatment, diagnosis, and detection of many diseases (1) (2) (3) (4) (5) . Additionally, many of the inorganic compounds that serve as the material for making nanoparticles have long been used in the clinic for various therapeutic applications (6, 7) . Prominent examples of inorganic compounds used for therapeutic applications include platinum (e.g., cisplatin, carboplatin, oxaliplatin, etc.) for the treatment of cancer (6) and silver ions as antibacterial agents (8) . However, there is a severe lack of both clinically investigated and clinically approved inorganic Bnanoparticle^products (9, 10) , despite the clinical use of inorganic drugs and materials in general.
As is the case with their organic therapeutic counterparts, inorganic therapeutics can benefit from being formulated as a nanoparticle delivery system to improve their biological performance by enhancing pathological targeting, drug loading, and immune system evasion (11, 12) . Additional functions (e.g., thermal heating) can be performed for certain inorganic particles, for example, gold nanoparticles, which leverage the use of their surface plasmon resonance (13) . Furthermore, certain inorganic nanoparticles can respond to specific external stimuli such as magnetic fields or nearinfrared (NIR) light to enhance magnetic imaging (2) or facilitate on-demand drug release (14) , respectively. Additionally, many inorganic nanoparticles can be synthesized and tuned in a way that facilitates incorporation of ligands or polymers to further enhance their biological function (15) . This review will focus on the clinical translation of inorganic nanoparticles, with special emphasis on key clinical trials that are currently recruiting or ongoing (e.g., not completed) with gold, iron oxide, and silica nanoparticles. These nanoparticles are selected since they are the most widely investigated types of inorganic nanoparticles. In addition, special focus will be placed on the early preclinical work of these key clinical trials to highlight the path these nanoparticles have taken from the lab to the clinic. Furthermore, the challenges and opportunities faced in these currently ongoing clinical trials and the broad class of inorganic nanoparticles will be highlighted and discussed in depth. Detailed discussion on the preclinical success of inorganic nanoparticles for therapeutic or diagnostic applications is beyond the scope of this review article, as it has been extensively reviewed elsewhere (1, 3, 16) .
GOLD NANOPARTICLES Background and Successes in Preclinical Studies
Noble metal (i.e., platinum, gold, and silver) nanoparticles distinguish themselves from other particle types, either organic or inorganic, by their unique surface plasmon resonance (SPR) which arises from their nanoparticle-sized photon confinement (17) . Of these noble metal nanoparticles, gold nanoparticles are by far the most widely investigated, given their distinct advantages for drug delivery, diagnostic, and therapeutic applications (4, 17, 18) . Many unique therapeutic opportunities of AuNPs, for example, imaging, make use of their light-scattering properties. Other therapeutic opportunities, such as AuNP-mediated tumor ablation, arise from their photothermal properties, which stem from AuNP intrinsic abilities to absorb light. Optical and photothermal functions can be precisely controlled and tuned by changing parameters including size, shape, structure, and composition of AuNPs (17) . As such, extensive research has been performed to elucidate the role of nanoparticle parameters in modulating the optical and photothermal properties of AuNPs (19) . These modifications can be employed into AuNP design by using a variety of synthesis techniques (13) . Other, more traditional therapeutic opportunities include loading of AuNPs with a variety of therapeutic molecules through surface modification. Therapeutics such as proteins (20) , peptides (21), siRNA (22) , and drugs (23) have been previously incorporated with AuNPs and used for preclinical in vitro or in vivo applications. Furthermore, the AuNPs SPR can be used to facilitate on-demand release of these therapeutics via externally triggering stimuli (e.g., light) (16) . Additional benefits include the inertness of AuNPs which is evident from their limited toxicity to cells (24) . For these reasons, AuNPs are extensively used and investigated at the preclinical stage and have been used in many therapeutic and diagnostic applications at a preclinical level. The preclinical successes of AuNPs are beyond the scope of this review article, and special focus will be made on efforts at the forefront of the clinical translation of AuNPs.
Current Clinical Trials
The history of colloidal gold being used to confer health benefits goes back centuries (25) . The first proven successes of the health benefits of colloidal gold include its use as a source of radiation for brachytherapy (26) and for its use in the treatment of arthritis (27) . These early successes have certainly increased interest in utilizing gold and other noble metals for healthcare applications. Some AuNPs such as Aurimune, a tumor necrosis factor-bound AuNP, have completed key clinical trials (NCT00356980 and NCT00436410 from www.clinicaltrials.gov) and are paving the way for many of the systems highlighted here. While no AuNP products have been clinically approved, a select few, all which leverage the light absorption properties of AuNPs, are being investigated for a variety of therapeutic applications ranging from treating solid tumors to treating acne. The first example, known as AuroLase® and being developed by Nanospectra, are silica-gold nanoshells coated with (poly)ethylene glycol (PEG) designed to thermally ablate solid tumors following stimulation with a near-infrared energy source (28) . The silica core serves as the dielectric core, the gold shell grants thermal ablation ability following the intense absorption of near-infrared NIR light, and the PEG layer provides overall particle stability (29) . This technology was first reported over 10 years ago (29) . The key findings of this seminal work, which set the foundation for AuroLase®, showed that AuroLase® could be used to: (i) induce photothermal cell death, in vitro, following stimulation with a NIR energy source (Fig. 1a (i, ii) ) and (ii) increase solid tumor temperatures (Fig. 1b (i, ii) ) to induce irreversible thermal damage to tumors (Fig. 1c (i-iv) ) in mice following intratumoral injection (29) . In a follow-up work, AuroLase® was used for thermal ablation treatment of brain (30) and prostate (31) cancers, with the latter showing the potential for complete thermal ablation of solid tumors following a systemic injection of AuNPs (Fig. 1d (i, ii) ). Following these studies, AuroLase® entered in two separate clinical trials (Table I) . The first, which was last updated in September 2014 (NCT00848042), has been reported as being completed for the treatment of patients with refractory and/or recurrent tumors for head and neck cancer (www.clinicaltrials.gov). Another clinical trial, which is currently active but not recruiting, is investigating AuroLase® for the treatment of primary and/or metastatic lung tumors where the airway is obstructed.
AuroLase® is an example of an inorganic nanoparticle that has been systematically investigated and shown efficacy in tumor ablation at the preclinical stage and is currently being investigated in the clinic. AuroLase® provides many advantages for tumor treatment. Most notably, AuroLase® can provide a tumor treatment that avoids many of the systemic side effects associated with more traditional tumor therapies (32, 33 ) (e.g., chemotherapy) by providing localized tumor treatment which selectively treats the tumor while also limiting the damage to healthy tissue. As such, AuroLase® provides a means of addressing a clear limitation in current tumor therapy and thus is a vehicle to provide a therapy that is otherwise not currently possible. At the preclinical stage, AuroLase is also being investigated as a supplemental therapy for both radiation therapy (34) and imaging (35) and for a select few other commercial applications (36, 37) . AuroLase® still faces certain technical and biological challenges before clinical approval, such as proving that this system can be used intravenously and target tumors utilizing the enhanced permeation and retention (EPR) effect, in lieu of an active targeting moiety. The EPR effect is proven to aid in the tumor accumulation of nanoparticles in preclinical animal studies but is less validated in a clinical setting (38) , and thus, relying on the EPR's targeting effect may present a challenge for AuroLase®. Furthermore, since AuroLase® is a local therapy designed to treat solid tumors at the tumor site, translating this technology to treat systemic malignancies may prove difficult.
In another example, AuNPs capable of treating acne are being developed by Sebacia Inc. The particles being developed are~150 nm silica-gold nanoshells, coated with PEG to increase stability, and specifically tuned to absorb NIR light and NIR laser irradiation (Fig. 2a) to treat acne by disrupting overactive sebaceous glands in the skin (39) . The AuNPs, dubbed Sebashells, are (i) topically administered to sites of acne, (ii) delivered deep into the sebaceous ducts via lowfrequency ultrasound, and (iii) stimulated via NIR laser to induce focal thermolysis of sebaceous glands, effectively treating acne (Fig. 2b) . In a recently published study, Sebashells showed the capability to penetrate into the sebaceous glands of porcine skin in vitro (Fig. 2c) (39) . Low-frequency ultrasound increased delivery of Sebashells into deep areas of sebaceous glands over 15-fold as compared with a standard method of massaging them into the skin. Once penetrated into the sebaceous gland, Sebashells were stimulated with NIR laser and were capable of inducing deep glandular thermolysis (Fig. 2d) . Following these in vitro tests to confirm proof of concept, Sebashells were tested in vivo in a porcine model to examine the safety of ultrasound and laser exposure, both independent and in combination. By using laser parameters which are common to dermatological applications (e.g., hair removal), no long-term skin safety issues were visually noted. In a pilot human study, Sebashell delivery was performed as depicted (Fig. 2b) , and thermolysis in humans as a function of ultrasound exposure time was determined (Fig. 2e) . This clinical data was analyzed from skin biopsies following Sebashell application, ultrasound (39) . These results highlight the importance of the contribution of lowfrequency ultrasound in increasing follicular damage, which likely stems from the increased penetration of Sebashells. Low-frequency ultrasound has shown utility in various applications in transdermal delivery (40) , some of which have been approved by the FDA (41), which bodes well for the Sebacia's ultrasound-mediated Sebashell delivery system. It should be noted that this study did not investigate efficacy in treating acne, however in unpublished work, Sebacia has recently reported positive results from two separate clinical studies focused on acne treatments (42) .
A press release on 28th January 2015 stated that Sebashells were successful in providing a significant reduction in both the occurrence and appearance of inflammatory acne lesions (42) . Furthermore, the report states that the treatment was well tolerated. Additional clinical studies are currently underway (Table I) . These clinical studies are focused on investigating the safety and efficacy in treating acne using Sebashells with NIR laser stimulation. Sebacia's Sebashells provide many advantages over standard treatments for acne, such as avoiding systemic side effects associated with standard acne treatments. Furthermore, Sebashells potentially offer a long-term solution for acne, as it is designed to treat acne by impacting overactive sebaceous glands. If successful, recurrence of acne should be limited.
Challenges and Opportunities: Translation of AuNPs
AuNPs represent an exciting class of inorganic nanoparticles with the potential to shift the paradigm of treatment of cancer and other diseases. It is clear that AuNPs can perform functions that few other classes of nanoparticles can execute, and as a result, AuNPs offer therapeutic and diagnostic opportunities that cannot be traditionally provided. Since many cancers build resistance to certain drugs (43) and patients can also suffer from dose-limiting toxicities, AuNP therapies can uniquely complement these existing therapies and likely enhance clinical cancer care. Furthermore, the unique SPR of AuNPs can be used to facilitate on-demand release of loaded drugs or cargo at the target site, a task that has proven exceedingly challenging for organic nanoparticles to accomplish even in preclinical studies. While many of these advantages illustrate the unique potential AuNPs possess, in some ways, they also present unique challenges that have not been encountered by other technologies in the clinic. One of the biggest challenges facing AuNPs from entering the clinic is tuning and optimizing surface and physical properties of AuNPs to ensure maximum functionality. Many preclinical studies have focused on the role that size and shape play on modulating AuNPs SPR and subsequently their performance (17, 19) . However, these modifications need to be investigated at the biological level as it is widely accepted that size and shape of nanocarriers can dramatically alter biological function and fate (44, 45) . The use of small animal models as the main preclinical model prior to clinical studies further complicates this, as small animals cannot accurately represent a human. Certain studies, however, are utilizing larger animals such as dogs in clinical trials. One key study, using a rod-shaped AuNP system for photothermal imaging and Another significant issue, which faces both locally and systemically administered AuNPs, is determining their biological fate and long-term biocompatibility. Since countless preclinical studies reporting on cellular interactions, biodistribution and subsequent clearance of AuNPs cannot be normalized with respect to experimental conditions and, especially in the case of gold nanoparticles, particle design (e.g., size, shape, and charge, to name a few), general conclusions are difficult to claim even at the preclinical level. As a result, these parameters need to be systematically investigated at the preclinical level, and at the clinical level where appropriate, to elucidate fundamental information about AuNPs biodistribution, toxicity, and biocompatibility in order to maximize chances for clinical success. Even still, efforts on drawing these conclusions (47) and comparing various studies can help direct current and future studies, both preclinical and clinical.
IRON OXIDE NANOPARTICLES Background and Successes in Preclinical Studies
Iron oxide nanoparticles (IONPS), either superparamagnetic iron oxides (SPIO) or ultrasmall superparamagnetic iron oxides (USPIO), are one of the most investigated inorganic particles used for biological applications (48) . The utility and potential of IONPs for clinical use has been proven by the many clinically approved products (Table II) and the numerous clinical trials that are currently underway (Table I ). The advantages that iron oxide offer stems from their: (i) innate magnetic responsiveness, which can be controlled in a binary manner and leveraged to facilitate particle targeting (49) , imaging (50) , and localized heating, the latter of which can be applied towards hyperthermia treatments and tumor ablation (51) , and (ii) from their innate biocompatibility and biodegradability (52) . Of all their proven applications, IONPs have been most utilized as contrast agents for noninvasive diagnostic imaging in combination with magnetic resonance imaging (MRI) (2, 48) . IONPs are ideal materials as contrast agents since they: (i) possess unique magnetic properties that stem from their ability to enhance proton relaxation in tissues which leads to enhanced MRI images and (ii) are easily modified to tune their physicochemical parameters to function at the cellular level (53) . Preclinical applications of IONPs have been very broad and include therapeutic molecule delivery (54), anemia treatment (55), hyperthermia treatment (56), magnetic targeting (49) and thermal ablation treatment of tumors (57) . Another application, which takes advantage of iron oxide's magnetic properties, which is beyond the scope of this article, involves the use of magnetic iron oxide particles for either in vitro diagnostics or cell separations (58) .
Clinical Trials and Approved Products
Of all inorganic nanoparticles, IONPs have been tested in the clinic more than any other type (48) . In fact, many IONPs have been approved for use in the clinic as diagnostic and imaging agents (Table II) . For example, many IONP formulations have been approved by the FDA for imaging of different pathologies, and even for treatment of iron deficiency (Table II) . Despite these successes, the majority of approved IONPs have since been discontinued. The specific reasons for discontinuation are not clear for each product. Currently, the most clinically relevant IONP is ferumoxytol, tradename Feraheme® in the US and Rienso® in Europe. Ferumoxytol is developed and distributed by AMAG Pharmaceuticals®, originally investigated as an MRI contrast agent (59), but was approved for the treatment of iron deficiency in adults with chronic kidney disease in 2009 by the FDA. Interestingly, ferumoxytol is widely explored in numerous clinical studies (Table I) for many other applications including additional treatments for anemia and also for imaging. This section will focus on the clinical applications of ferumoxytol given that it is currently one of the only FDAapproved IONPs that has not been discontinued and the most clinically investigated, for both imaging and anemia (60) .
Ferumoxytol are USPIO nanoparticles, approximately 17-31 nm in diameter (61, 62) , coated with polyglucose sorbitol carboxymethylether. Intravenous iron treatments are often used in severely anemic patients, though they raise certain safety concerns (63) , are limited by low doses, and are riddled with many systemic side effects (64) which all limit further dosing and therefore treatment (65) . In early clinical trials, ferumoxytol showed advantages over traditional iron treatments, such as improved pharmacokinetic properties and simpler administration methods (66) . Furthermore, early studies showed that ferumoxytol was well tolerated both in healthy individuals and in hemodialysis patients, even when given as a bolus (66) . Follow-up clinical trials investigated both the safety and efficacy in anemic chronic kidney disease patients, who frequently require intravenous iron treatments. In this study, it was shown that ferumoxytol was safe with no serious adverse events, capable of increasing iron stores and was effective in increasing hemoglobin response (67) . In a larger, Phase III trial, ferumoxytol showed effective treatment of iron deficiency anemia in patients with CKD with minimal adverse events (10.6%), and notably provided up to 1 gram of iron with two intravenous injections as opposed to 5 to 8 doses of standard treatment via significantly slower infusion (68) . Ferumoxytol was approved in 2009 for the treatment of iron deficiency anemia in adult patients with chronic kidney disease. There are currently at least 3 clinical trials investigating the use of ferumoxytol to treat anemia (Table I) in pediatric patients with chronic kidney disease, patients undergoing peritoneal dialysis and patients undergoing cardiac surgery.
Ferumoxytol is also being studied in a number of clinical trials (Table I ) for the imaging of a variety of diseases and conditions, ranging from: multiple sclerosis to numerous cancers (e.g. prostate, bladder, breast, lung, ovarian, to name a few) to heart conditions to type 1 diabetes. Here, we will highlight a few of these recent examples. The first study directly compared ferumoxytol and gadoteridol, a commonly used MRI contrast agent, in a patient with glioblastoma multiforme (69) . One of the main issues with gadoteridol is that this class of contrast enhancing agents are connected to nephrogenic systemic fibrosis, which has limited use of gadoteridol agents in patients with low glomerular filtration rates (70) . As such, ferumoxytol, being FDA-approved for anemia treatment and showing very little toxicity and association with adverse events, is an attractive candidate to address this issue provided that it can suitably enhance MRI in key instances. Background precontrast, gadoteridol and 24 hour lag ferumoxytol T1-weighted and T2-weighted images were taken of the patient's brain tumor (Fig. 3a-f ). This patient showed ferumoxytol enhancement in areas that did not appear in the gadoteridol contrast images. This enhancement was attributed to the presence of inflammatory cells, since ferumoxytol will be internalized by macrophages, by virtue of being a nanoparticle (69) . Most recently, ferumoxytol has been clinically investigated to capture the initiation and progression of type-1 diabetes, which has proven to be especially challenging to visualize in a noninvasive way. By facilitating the imaging of inflamed pancreatic lesions following local macrophage uptake of ferumoxytol, this approach was validated both in mouse models and a pilot human study (71) . Notably, this study showed that ferumoxytol exhibited higher nanoparticle accumulation in type-1 diabetes patients as compared with healthy patients (Fig. 3g) (71) . This study highlights the potential of using ferumoxytol to visualize the progression of type-1 diabetes, and more importantly, the potential to leverage this method to track responses to type-1 diabetes therapies.
At the preclinical level, ferumoxytol is being utilized for a variety of other applications including PET imaging following radiolabeling of ferumoxytol (72) , labeling cells in vivo for MRI when formulated with heparin and protamine (73) , and using ferumoxytol to carry chemotherapeutic drugs for more effective treatment in vivo as compared with free drugs alone (74) , to name a few. Ferumoxytol is being investigated in many other clinical trials focused on imaging numerous pathologies (Table I) , and is, in some cases, showing enhanced utility as compared with standard imaging agents. At the moment, ferumoxytol is one of the only FDAapproved iron oxide nanoparticles and is certainly the most investigated one that is still in production. Because of this, and because of ferumoxytol's high biocompatibility, ferumoxytol is receiving more attention than any other iron oxide particle has in the past. The advantages of this are that ferumoxytol is being well characterized in both preclinical and clinical studies, and it can potentially make a rapid impact in the clinic.
Challenges and Opportunities: Translation of Iron Oxide NPs
IONPs benefit most from their material composition, since their material properties facilitate and enhance magnetic imaging. As a therapeutic, IONPs are well suited to treat anemia, given that following degradation they can supply patients with iron. In addition to this, IONPs have the potential to utilize their material properties further and offer magnetic target or even ablative properties. With these other functions in mind, IONPs could be used to: (i) enhance targeting to diseased tissues via magnetic field, (ii) deliver loaded drugs (51, 54) to this target site, and (iii) be activated externally to destroy surrounding tissue, effectively providing a targeted combination therapy. Many of these advantages present biological challenges. For example, while IONPs are investigated for tumor treatment either via drug treatment or thermal ablation, these therapies will be limited to local treatment of solid tumors. As stated earlier, a high percentage of approved IONPs have been discontinued, and unfortunately, scientifically reliable reasons are not available. Still, this raises a concern for current and future IONPs of clinical relevance. SILICA NANOPARTICLES
Background and Successes in Preclinical Studies
Silica, or silicon dioxide (SiO 2 ), nanoparticles (SNPs) are widely investigated for applications in drug delivery since it is possible to precisely tune their physicochemical parameters for specific biological applications. Physically, it is possible to control the size, shape, and porosity (e.g., mesoporous SNPs) of SNPs (75) . The chemical properties of SNPs can also be modified in the form of surface modifications (75, 76) , which can allow for conjugation of various stealth or targeting ligands. Many of these physicochemical modifications have been shown to independently influence circulation (77, 78) , targeting (79) , drug loading and release (80) , and internalization by cells (81, 82) of intravenously administered nanoparticles. Many of these modifications can be introduced given the advanced synthesis techniques used for synthesizing SNPs (83) , such as the Stöber method (84) or liquid-crystal templating (85) , which other drug delivery nanoparticle systems cannot take advantage of. SNPs also benefit from limited toxicity and favorable biodegradability (86) . SNPs ability to store and release a variety of drugs are perhaps the most attractive feature of SNPs. Specifically, SNPs offer unmatched surface area for drug storage, which provides a unique opportunity for the incorporation of hydrophilic (87) or hydrophobic drugs, the latter of which has proven difficult for other nanoparticle delivery systems (88) . For these reasons, SNPs are extensively used and investigated at the preclinical stage and have been used in many therapeutic and diagnostic applications, including imaging (89), gene transfection vectors for cellular uptake (90) , and stimuli-responsive delivery (91) . While many SNPs are used in combination with other inorganic materials (e.g., gold as in AuroLase® highlighted above), this section focuses on SNPs that utilize their silica components beyond that of a template.
Current Clinical Trials
Nanoparticle drug delivery systems predominately comprised of SNPs have not yet made significant impact in the clinic, although one SNP is currently being investigated in clinical trials, which utilizes SNPs for imaging and diagnostics of tumors, has made significant progress towards approval. Cornell Dots (C-Dots) are hybrid silica nanoparticles that are used for enhancing standard positron emission tomography (PET)-optical dual-modality imaging, which is an imaging technique with many advantages over traditional CAT and MRI scans. Developed around 10 years ago, the original CDot formulation was synthesized via a modified Stöber method which yielded 30 nm diameter fluorescent core-shell SNPs that were 20 times brighter than the constituent fluorophore (92). In a follow-up study, the particle scaffold was modified from the original template to consist of: (i) 7 nm diameter final particle size to facilitate renal excretion as shown in a previous study (Fig. 4a (i, ii) ) (93), (ii) a nearinfrared Cy5 fluorophore to optimize fluorescence imaging, (iii) a PEG coating to endow immune system avoidance, in particular avoiding opsonization and subsequent internalization by macrophages in the liver (Fig. 4a (i, ii) ), and (iv) a 124 I-radiolabeled cRGDY peptide that functions as both the radiolabeled molecule that facilitates PET imaging and as the targeting peptide to improve targeting and accumulation in ανβ3 integrin expressing tumors (94) (Fig. 4b) . In the first in vivo study utilizing this C-Dot formulation, the C-Dots were shown to have utility in real-time and intraoperative detection (95) and imaging of nodal metastases, tumor targeting, and lymphatic drainage patterns (94) . Around the time of this publication (94), C-Dots received approval for a first-in-man clinical trial for imaging of cancer in patients with metastatic melanoma.
In this clinical trial, the goal was to test C-Dot safety, since C-Dots had not been previously used in humans. As such, this clinical trial focused on a small number of patients (n=5) with limited life expectancy before moving forward with a larger clinical study focused on dose escalation to optimize tumor-targeting and accumulation. Despite the focus being on safety, the results of this study showed that C-Dots were capable of imaging cancer in this limited number of patients with metastatic melanoma (89). C-Dots were shown to: (i) be well tolerated with no reported toxic or adverse events, (ii) be stable in vivo, (iii) provide consistent pharmacokinetic patterns, and (iv) be capable of imaging lesions, including metastatic lesions, in distinct areas of the body. Effective doses of C-Dots used in this study were comparable with commonly used diagnostic radiotracers. Lack of clinical symptoms in blood/urine samples were used to assess safety following C-Dot administration. In general, this small clinical study showed that C-Dots: (i) did not impair renal function, despite the majority of particles being renally cleared, (ii) did not alter liver function, and (iii) had no adverse events resulting from particle injections. Despite the trial not focusing on tumor targeting, significant uptake and accumulation of C-Dots was seen in multiple patients in both lesions and diseased tissues. In one of the patients, who had anorectal mucosa melanoma with liver metastasis (Fig. 4c  (i) ), C-Dots could localize and accumulate at the liver metastasis to facilitate PET imaging, 4-h postinjection (Fig. 4c (ii, iii) ). In another patient, who presumably had pituitary microadenoma (Fig. 4d (i) ), C-Dots accumulated and facilitated PET imaging at the pituitary lesion (Fig. 4d (ii)) and showed increased focal activity when overlaid with MRI imaging (Fig. 4d (iii) ). Furthermore, time-lapse imaging of the pituitary lesion highlighted the ability of C-Dots to progressively accumulate in the lesion over time (Fig. 4d (iv) ). The next patient, who had impaired renal function and chemotherapy related nephrotoxicity, C-Dot accumulation was seen in the renal cortices for up to 3 days (Fig. 4e) , well beyond the renal persistence in other patients which highlights C-Dot specificity for damaged tissue.
C-Dots are currently being investigated in two separate clinical trials (Table I) . The first, which is a continuation of the first clinical trial, is designed to investigate the microdosing of C-Dots for imaging patients with melanoma and malignant brain tumors. The second study is designed to facilitate intraoperative sentinel lymph node mapping in patients with head and neck melanoma, prostate, or cervical and uterine cancer. By using C-Dots, this study has the potential to improve cancer detection during surgery, as opposed to standard techniques which detect cancer prior to surgery. In doing so, lymph nodes that contain metastases can be identified and removed during surgery which will facilitate the removal of more cancerous tissues. C-Dots have been thoroughly investigated and characterized at the preclinical stage and have shown to be capable of improving cancer detection for a variety of cancers, and also intraoperatively. Perhaps the largest impact C-Dots can have in the clinic is by using them intraoperatively to detect metastases in real time, greatly improving surgical outcomes by removing malignancies that are otherwise undetectable. Furthermore, C-Dots possess great potential in improving pre-and postsurgery imaging by providing resolution beyond what CT, MRI and traditional PET scans offer. One of the main advantages of CDots are that they utilize PET imaging, or handheld fluorescent imaging in the intraoperative case, to facilitate malignancy detection which allows C-Dots to take advantage of approved and established technologies to enhance standard care with respect to malignancy detection.
Challenges and Opportunities: Translation of SNPs
Overall, SNPs can address many of the limitations that current therapeutics and diagnostics have yet to address. For example, SNPs surface can be easily modified to include targeting or imaging agents, as is the case with C-Dots. Their physical parameters can also be modified to facilitate enhanced biological performances. Furthermore, loading of drugs, especially into mesoporous SNPs, can allow levels of loading not achievable by other particle formulations. These loaded drugs can also be triggered for release from mesoporous SNPs via a cap structure that only opens up in response to external stimuli (88) . On the other hand, SNPs face many unique challenges that need to be overcome in order to gain clinical approval, and subsequently impact clinical healthcare. One of the main challenges facing SNPs is determining their long-term in vivo fate if they are not cleared by the kidneys. Another challenge, of particular concern for SNPs given the number of unique structural combinations that can be synthesized by tuning physical parameters, is determining the size, shape and porosity of SNPs that confer optimal therapeutic benefits for specific diseases. This challenge will become more apparent following integration, and regulatory approval, of SNPs in the clinic; however, these aspects unique to SNPs should be considered and investigated in order to fundamentally understand how these physical modifications can impact the delivery of SNPs.
CONCLUSIONS
Inorganic nanoparticles offer clinically unique diagnostic and therapeutic opportunities that polymeric and other traditionally used nanoparticles cannot offer. This potential of inorganic nanoparticles is not limited to topics covered in this review. As an example, inorganic nanoparticles can also be used for ex vivo detection, which is currently being investigated in an active clinical trial that utilizes the breath of patients to detect gastric lesions on an AuNP and carbon nanotube functionalized sensor (Table I ). This work builds on preclinical studies that leveraged this same technology to detect lung cancer (96) and gastric cancer (97) . In another example, hafnium oxide nanoparticles are being developed by Nanobiotix, which recently completed a clinical trial focused on radiation therapy for treating patients with soft tissue sarcoma. Since then, another clinical trial that is currently recruiting, is investigating these same particles for the treatment of advanced squamous cell carcinoma of the oral cavity or oropharynx (Table I) . These hafnium oxide particles, called NBTXR3, utilize external radiation to produce a larger number of cancer cell killing electrons than otherwise possible. As a result, this technology should enhance tumor destruction further than traditional radiation therapy alone could. This technology was shown to have antitumor activity with similar toxicity to standard radiation therapy in animal models (98) . Another example are quantum dots, which are utilized for a variety of preclinical in vivo imaging applications (99) ; although, at the moment, these technologies have been limited to preclinical studies as a result of questions surrounding their toxicity and biocompatibility (100) .
The potential to combine components of inorganic nanoparticles with components of organic nanoparticles can provide another avenue into the clinic. The opportunities for this are clear from many of the highlighted examples, however, the highlighted cases covered here have focused on inorganic particle scaffolds with little or minimal organic components as opposed to organic systems modified with inorganic components or nanoparticles. In fact, therapeutic and diagnostic nanoparticles can be developed which are primarily comprised of organic materials but possess enhanced functionalities by including inorganic nanoparticles into their design. A few examples of this include magnetically responsive polymeric particles with IONP functionalization, which can potentially be used either for targeting or imaging purposes. While inorganic nanoparticles have not yet been approved for any drug delivery application, they are widely investigated in the clinic for applications that make use of their unique abilities to respond to external stimuli and leverage local physical changes that can be used therapeutically. Furthermore, the diagnostic opportunities show that inorganic nanoparticles are more robust and versatile, in that they can enhance and improve current imaging and diagnostic techniques, be it MRI or PET scans. In conclusion, inorganic nanoparticles are poised to make a dramatic clinical impact in imaging, diagnostics and certain treatments as they provide functions that are not currently provided in the clinic. Furthermore, these unique functions can potentially supplement and improve current therapies since the mechanisms of treatment are distinct and, in some cases, have proven to be complementary. 
